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Introduction {#sec1}
============

In the past two decades, fullerene and its derivative-based acceptors have dominated the field of organic solar cells (OSCs) with a power conversion efficiency over 11% ([@bib57], [@bib16], [@bib23], [@bib35]; [@bib32]). The isotropic feature of fullerene-type acceptors, especially the widely used \[6,6\]-phenyl-C61-butyric acid methyl ester (**PC**~**61**~**BM**) and \[6,6\]-phenyl-C71-butyric acid methyl ester (**PC**~**71**~**BM**), endows materials with three-dimensional (3D) isotropic charge transport, and such compounds have been a good choice as acceptors in OSC applications over the past 20 years. Furthermore, the fullerene acceptors also show broad applicability when blended with various donor materials. However, there are also clear drawbacks to fullerene-based acceptors (FAs), such as weak absorption in the visible and near-infrared regions, poor photothermal stability, and difficulty in purification. In addition, the power conversion efficiencies (PCEs) failed to surpass 12% for several years ([@bib34], [@bib18], [@bib3]). Therefore, there has been an urgent need to develop next-generation acceptors, such as non-fullerene acceptors (NFAs) with a strong absorption, to overcome the deficiencies of FAs ([@bib40], [@bib7]). Excitingly, a star acceptor named 3,9-bis (2-methylene- (3- (1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis (4-hexylphenyl)-dithieno \[2,3-d:2′,3;-d′\]-s-indaceno \[1,2-b:5,6-b′\]-dithiophene (**ITIC**) was reported by Zhan and coworkers in 2015 and opened a new avenue to increase the OSC performance ([@bib30]). Subsequently, a series of acceptor-donor-acceptor (A-D-A)-type molecules were designed and synthesized with indacenodithiophene (**IDT**) or indacenodithieno\[3,2-*b*\]thiophene (**IDTT**) as the electron-donating core and 1,1-dicyanomethylene-3-indanone (**IC**) or its derivatives as electron-accepting end groups ([@bib30], [@bib31], [@bib20], [@bib21], [@bib50]). The PCE of the NFA-based OSCs exceeded 13% in rapid time ([@bib19], [@bib25], [@bib26], [@bib27], [@bib28], [@bib44], [@bib10], [@bib11], [@bib53], [@bib54], [@bib55], [@bib56], [@bib25], [@bib26], [@bib27], [@bib28], [@bib10], [@bib11], [@bib38], [@bib5], [@bib53], [@bib54], [@bib55], [@bib56], [@bib8], [@bib9], [@bib48]).

The rapid development of NFAs benefits from tunable optoelectronic properties by core modifications ([@bib45], [@bib39], [@bib14], [@bib15], [@bib52]), side chain engineering ([@bib12], [@bib41], [@bib20], [@bib21], [@bib13]), and functional group modulations ([@bib1], [@bib42], [@bib43], [@bib51]). For instance, a very simple but effective method, halogenation, was used to modify the electron-withdrawing ability ([@bib42], [@bib43], [@bib51]). Within this method, chlorination is an effective approach for chemical modification benefiting from special properties, such as a more efficient downshift of energy levels, the ability to broaden and enhance absorption, and a facile synthesis, which would be conducive to the commercialization of OSCs ([@bib53], [@bib54], [@bib55], [@bib56], [@bib8], [@bib9], [@bib24], [@bib58], [@bib4], [@bib33], [@bib20], [@bib21]). Several works have reported that a mixture of two kinds of monochlorinated **IC** end group isomers (**IC-Cl-*m***) was used as NFAs with an enhanced solar energy conversion ([@bib53], [@bib54], [@bib55], [@bib56], [@bib42], [@bib43], [@bib6], [@bib47]). However, the non-site specificity of the single chlorine atom in these efforts would result in a disordered morphology with lower efficiencies owing to the isomer impurity of the final acceptor, and the batch-to-batch variation will also bring a large deviation in the performance of the corresponding OSC devices. Furthermore, in theory, the optoelectronic performance of each isomer should be different due to different electronic, optical, charge transport, and morphological properties ([@bib42], [@bib43]). resulting in the performances we observe in this study.

In this study, two end groups **IC-Cl-δ** and **IC-Cl-γ** were obtained from **IC-Cl-*m*** by various purifications. In detail, the mixture can be recrystallized from chloroform and ethanol to yield high-quality **IC-Cl-δ** and **IC-Cl-γ**, respectively. Therefore, two NFAs **ITIC-2Cl-δ** and **ITIC-2Cl-γ** could be synthesized by the Knoevenagel condensation reaction with a chlorine atom at a specific position on the IC end groups. In this way, the isomer problem was resolved on the synthetic side. Interestingly, **ITIC-2Cl-δ** and **ITIC-2Cl-γ** exhibit completely different single-crystal structures from single-crystal X-ray diffraction (XRD) analysis due to the different positions of the chlorine atom on the end groups. **ITIC-2Cl-δ** shows a linear stacked structure in the single crystal, which is similar to what has been discovered in some reported NFA systems ([@bib49], [@bib36]). The charge carriers should be dominantly transported in one direction, with contributions from the stronger electron hopping along the horizontal intermolecular packing, and then transported by the well-ordered end group tunnels. Although a 3D interpenetrating network structure is observed in the **ITIC-2Cl-γ** single crystal, in detail, there is one more group of molecules in the perpendicular direction, aligned almost 90° to the horizontal group of molecules to form a rectangle-like interpenetrating charge carrier transport system. This arrangement would definitely facilitate charge transport in horizontal and perpendicular directions, similar to the isotropic transmission properties of fullerene acceptors, and an excellent PCE of over 13% is therefore obtained by **ITIC-2Cl-γ**-based device. This value is approximately 13.2% higher than that of **ITIC-2Cl-δ**-based device without interpenetrating charge carrier transport, and 20.1% higher than that of the mixed **ITIC-2Cl-*m***-based device. This demonstrates that the purity of the NFA, even one with only different isomers, is very important to promote the OSC efficiency. The more important information we deliver here is that the 3D interpenetrating charge carrier transport or more ideal isotropic transmission properties in fullerene acceptors may be a promising design strategy for high-performance NFAs.

Results and Discussion {#sec2}
======================

**IC-Cl-*m*** was synthesized from 4-chlorophthalic anhydride in two steps, as reported previously ([@bib58], [@bib37], [@bib46]). As shown in [Scheme 1](#sch1){ref-type="fig"}, the synthetic routes of **ITIC-2Cl-δ** and **ITIC-2Cl-γ** are quite straightforward, in which the key point lies in the successful separation of the mixed monomers of **IC-Cl-δ** and **IC-Cl-γ** from recrystallization with selected solvents. In detail, the two isomers from the previous cyclization reaction can be purified by recrystallization from ethanol to yield about 500 mg **IC-Cl-γ** and then from chloroform to obtain about 1 g **IC-Cl-δ** by 3 g of **IC-Cl-*m***. The I**C-Cl-*m*** could be recycled for the next recrystallization ([Figure 1](#fig1){ref-type="fig"}A). [Figure 1](#fig1){ref-type="fig"}C shows the ^1^H-NMR of the aromatic region of the purified isomers **IC-Cl-δ** and **IC-Cl-γ** and mixture of monomers **IC-Cl-*m***. **IC-Cl-*m*** is composed of 64% **IC-Cl-δ** and 36% **IC-Cl-γ** from the ^1^H-NMR analysis. In addition, the peak shapes of **IC-Cl-δ** and **IC-Cl-γ** are completely different in the ^1^H-NMR. **IC-Cl-γ** shows a doublet at the ε position, whereas **IC-Cl-δ** shows a single peak at this position (approximately 8.61 ppm). To further prove the location of the chlorine atom on the end group, the single crystals of **IC-Cl-δ** and **IC-Cl-γ** were prepared and are shown in [Figure 1](#fig1){ref-type="fig"}B. The final small molecules, **ITIC-2Cl-δ** and **ITIC-2Cl-γ**, were synthesized by Knoevenagel condensation reactions between **IDTT-CHO** and **IC-Cl-δ** and **IC-Cl-γ**, respectively. **ITIC-2Cl-*m*** was also synthesized according to the literature for comparison ([@bib45]). The synthesis and purification details are provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. The three small molecules show good solubility in common solvents, such as dichloromethane, chloroform, or chlorobenzene. **PBDB-T2F** was used as polymer donor as shown in [Scheme 1](#sch1){ref-type="fig"}, which shows a number-average molecular weight (M~n~) of 48.0 kDa, and a polydispersity index of 2.41 measured by high-temperature gel permeation chromatography at 150°C with 1,2,4-trichlorobenzene solvent.Scheme 1The Synthetic Routes of **ITIC-2Cl-δ** and **ITIC-2Cl-γ**, and the Structures of **ITIC-2Cl-*m*** and **PBDB-T2F**Also see [Figures S4--S8](#mmc1){ref-type="supplementary-material"}.Figure 1Purification Method, Single-crystal Structures and ^1^H-NMR Spectra of Monomers(A) Methods to purify **IC-Cl-δ** and **IC-Cl-γ**.(B) Single-crystal structures of **IC-Cl-δ**, and **IC-Cl-γ**.(C) The ^1^H-NMR of the aromatic region of **IC-Cl-γ**, **IC-Cl-δ,** and **IC-Cl-*m***.Also see [Scheme S1](#mmc1){ref-type="supplementary-material"}.

The charge transport properties in bulk-heterojuction (BHJ) blends can be understood, and the rational design of new materials can be instructed from complementary insight into structure or self-assembly relationships by the analysis of molecular single-crystal packing ([@bib39], [@bib14], [@bib15]). Single-crystal XRD analysis was used to identify the influence of the position of chlorine substitution on the end IC groups to the molecular configuration and packing in the condensed state. Single crystals of **ITIC-2Cl-δ** and **ITIC-2Cl-γ** were obtained by the conventional slow diffusion method (chloroform is a good solvent and ethanol is a poor solvent). As shown in [Figure S1](#mmc1){ref-type="supplementary-material"} (in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}), both **ITIC-2Cl-δ** and **ITIC-2Cl-γ** have good planarity in one molecule but do show a twist angle difference between the end group and the core. The dihedral angle between the **IDTT** core and the end group in **ITIC-2Cl-γ** is only 1.32°, whereas **ITIC-2Cl-δ** shows a larger dihedral angle of 4.51°, indicating that the position of the chlorine atom in the end group has a great effect on the molecular configuration.

[Figure 2](#fig2){ref-type="fig"} shows the relatively close π-π interactions in both small molecules owing to the multiple interlocked Cl···S, Cl···π, and S···O interactions between adjacent molecules (shown in [Figure S2](#mmc1){ref-type="supplementary-material"}), which lead to the formation of *J*-aggregation in the horizontal direction, as shown in [Figure 2](#fig2){ref-type="fig"}. In detail, [Figure 2](#fig2){ref-type="fig"}A shows two kinds of orientations in the **ITIC-2Cl-δ** single crystal (colored gray and blue) with a dihedral angle of 9.3°, and the π-π distances are approximately 3.48 Å and 3.46 Å. However, there are three kinds of orientations in the single-crystal of **ITIC-2Cl-γ** (colored gray, green, and blue), as shown in [Figure 2](#fig2){ref-type="fig"}B; the dihedral angle of two adjacent molecules in the horizontal direction is decreased to approximately 4.0°, and there is one more group of molecules with a perpendicular direction to form a rectangular interlocked molecular structure with a length of 35.6 Å and a width of 21.3 Å. This way, the π-π interaction distances are dramatically decreased ([Figure 2](#fig2){ref-type="fig"}B, 3.35 Å, 3.38 Å, and 3.40 Å) compared with those in **ITIC-2Cl-δ** molecules. The decreased π-π distances of **ITIC-2Cl-γ** should be induced by multiple Cl···π, S···O, and closer Cl···S interactions ([Figure S2](#mmc1){ref-type="supplementary-material"}) between three adjacent **ITIC-2Cl-γ** molecules and better planarity in one **ITIC-2Cl-γ** molecule, which should be beneficial for the charge transport between horizontally connected molecules.Figure 2X-Ray Crystallographic Structures and Dihedral Angles of Two Adjacent Cores of **ITIC-2Cl-δ** and **ITIC-2Cl-γ**(A) X-ray crystallographic structures of **ITIC-2Cl-δ** and the dihedral angles (9.3°) of two adjacent cores.(B) X-ray crystallographic structures of **ITIC-2Cl-γ** and the dihedral angles of each two adjacent cores: angle 1 is 4.0° (colored blue and gray), angle 2 is 5.0° (colored green and blue), and angle 3 is 6.2° (colored green and gray). (The hexyl benzene side chains of **ITIC-2Cl-γ** in [Figure 2](#fig2){ref-type="fig"}B were neglected for clarity).Also see [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

As discussed above, it is worth noting that only a linear stacked structure could be observed in **ITIC-2Cl-δ** ([Figures 3](#fig3){ref-type="fig"}A and 3B) and the majority of electrons may be transmitted along the horizontal π-π stacking direction, whereas **ITIC-2Cl-γ** shows one more group of molecules in the perpendicular direction, which is oriented almost 90° to the horizontal group of molecules. As shown in [Figures 3](#fig3){ref-type="fig"}C and 3D, the single-crystal structure of **ITIC-2Cl-γ** finally presents a 3D interpenetrating network to form a kind of rectangular structure. The 3D interpenetrating network structure will clearly facilitate charge transport in all directions, similar to the isotropic transmission properties of fullerene-type acceptors. These results indicate that the different substitution positions of the chlorine atom on the IC end group play a very important role in molecular configuration and packing, which would contribute to form significantly different crystal types. The 3D rectangle-like interpenetrating network structure endows multiple electron transport tunnels to **ITIC-2Cl-γ** that are very similar to that of the isotropic electron transmission in classical fullerene acceptors. This motif would definitely promote electron transport in the acceptor, which will also afford a higher electron mobility in blend films for better organic photovoltaic (OPV) device performance.Figure 3Crystal Packing Diagrams for **ITIC-2Cl-δ** and **ITIC-2Cl-γ**(A and B) (A) Top view of **ITIC-2Cl-δ**. (B) Side view of **ITIC-2Cl-δ**.(C and D) (C) Top view of **ITIC-2Cl-γ**. (D) Side view of **ITIC-2Cl-γ**. (The hexyl benzene side chains were neglected for clarity and better comparison; the full crystal packing diagrams with hexyl benzene side chains are shown in [Figure S3](#mmc1){ref-type="supplementary-material"}).Also see [Figure S3](#mmc1){ref-type="supplementary-material"}.

The thermal properties of the three small molecules were characterized by thermogravimetric analysis and differential scanning calorimetry (DSC). As shown in [Figure S9](#mmc1){ref-type="supplementary-material"} (in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}), **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, and **ITIC-2Cl-γ** exhibit good thermal stabilities with 5% weight loss temperatures (T~d~) of 320°C, 316°C, and 341°C, respectively. This result indicates that **ITIC-2Cl-γ** is more thermally stable than **ITIC-2Cl-δ**, whereas **ITIC-2Cl-*m*** shows the worst thermal stability of the three molecules. The highest thermal stability of **ITIC-2Cl-γ** among these molecules could be attributed to the 3D rectangle-like interpenetrating network with enhanced intermolecular interactions by the introduction of chlorine at the γ position, as discussed above. DSC shows there are no apparent crystallization or melting peaks up to 250°C for the three small molecules in their DSC traces, which indicates that these three molecules are all suitable for subsequent device fabrication with sufficient thermal stability because of the strong intermolecular interactions.

[Figures 4](#fig4){ref-type="fig"}A and 4B show the ultraviolet-visible (UV-vis) absorption spectra of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** in chloroform solution (10^−5^ mol L^−1^) and in thin films, respectively. All three molecules show a strong absorption in the wavelength range of 600--750 nm with maximum absorption peaks at 693, 692, and 690 nm for **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ**, respectively. The extinction coefficients of the molecules are 1.64×10^5^, 1.86×10^5^, and 2.00×10^5^ L mol^−1^ cm^−1^, respectively, which indicates that the different substitution positions of the chlorine atom on the IC end group can directly affect the absorption properties of the molecules by enhanced intermolecular interactions. The maximum absorption peaks of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** films are 734, 727. and 721 nm, respectively. Compared with the absorption in solution, significant redshifts of 41, 35, and 31 nm are observed in the film states, which show strong aggregation in the films. It is worth noting that the maximum absorption peak of **ITIC-2Cl-γ** is blueshifted by 13 nm in the solid state compared with that of **ITIC-2Cl-δ**, and this can be explained of the slightly reduced *J*-aggregation feature in the single-crystal structure of **ITIC-2Cl-γ**. The IDTT cores of **ITIC-2Cl-γ** overlap slightly more than those of **ITIC-2Cl-δ**. The angle between two adjacent ITT core centers and the molecular plane of **ITIC-2Cl-γ** is 13.00°, which is larger than that of **ITIC-2Cl-δ** (11.48°). This result implies that **ITIC-2Cl-δ** is more inclined to ideal *J*-aggregation, which slightly redshifts the absorption of **ITIC-2Cl-δ** in the solid state ([@bib2], [@bib17]). However, the IC end group of **ITIC-2Cl-γ** shows slightly more overlap with less *J*-aggregation, which will enhance the intermolecular charge transfer between such molecules and favor the carrier transport in final OPV devices. The UV-vis absorption spectra of the blend films of **PBDB-T2F**: **ITIC-2Cl-δ**, **PBDB-T2F**: **ITIC-2Cl-*m,*** and **PBDB-T2F**: **ITIC-2Cl-γ** are shown in [Figure 4](#fig4){ref-type="fig"}C. The intensity of the peak in the long-wavelength region of **ITIC-2Cl-γ** (721 nm) is the highest and corresponds to the strongest π-π intermolecular interaction among the three blend films. Interestingly, the intensity of **ITIC-2Cl-δ** is slightly higher than that of **ITIC-2Cl-*m*** in the blend films, which is contrary to the extinction coefficients of the two molecules, indicating a π-π interaction in the **PBDB-T2F**: **ITIC-2Cl-δ** film stronger than that in the **ITIC-2Cl-*m*** blend film. The mixed **ITIC-2Cl-*m*** would affect the molecular packing because of the multiple molecular arrangements, thus leading to a low extinction coefficient in its blend film. These results indicate that the different positions of the chlorine atom on the end group have a great influence on the absorption properties. Furthermore, it is of great importance to avoid using the mixture for better molecular packing and enhanced absorption. In addition, it is suggested that the 3D rectangle-like interpenetrating network structure of **ITIC-2Cl-γ** is more favored to maintain the π-π intermolecular interactions in the blend film state. The strategy of a 3D interpenetrating network design in NFAs may be a promising way to elevate the carrier transport and enhance the final solar conversion.Figure 4Optical and Electrical Properties of **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, and **ITIC-2Cl-γ**(A) Absorption spectra of the three small molecules in chloroform solution at a concentration of 10^−5^ mol L^−1^.(B) Normalized UV-vis absorption spectra of the three small molecules and **PBDB-T2F** in films.(C) Normalized UV-vis absorption spectra of **PBDB-T2F**: **ITIC-2Cl-δ**, **PBDB-T2F**: **ITIC-2Cl-*m***, and **PBDB-T2F**: **ITIC-2Cl-γ** blend films.(D) Energy level diagrams of **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, **ITIC-2Cl-γ,** and the donor **PBDB-T2F**.Also see [Figures S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}.

The electrochemical properties of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** were measured by cyclic voltammetry and are shown in [Figures 4](#fig4){ref-type="fig"}D and [S10](#mmc1){ref-type="supplementary-material"} (in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}). The highest occupied molecular orbital (HOMO) energy levels of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** are estimated to be −5.53, −5.54 and −5.55 eV, respectively, and the lowest unoccupied molecular orbital (LUMO) energy levels are −3.94, −3.93, and −3.92 eV, respectively (as referenced to the ferrocene/ferrocenium \[Fc/Fc^+^\] redox couple). The LUMO and HOMO energies of **PBDB-T2F** are −5.45eV and −3.65eV ([@bib55]), respectively. Compared with the levels in **ITIC-2Cl-δ**, **ITIC-2Cl-γ** exhibits a 0.02 eV higher LUMO energy and 0.02 eV lower HOMO energy, as a result of a wider band gap of 1.63 eV than the 1.59 eV for **ITIC-2Cl-δ**. This result is in accordance with the blueshift of the absorption spectrum and the greater overlap of the IC end groups (less *J*-aggregation) in **ITIC-2Cl-γ** ([Figure 4](#fig4){ref-type="fig"}B). In addition, the higher LUMO energy of **ITIC-2Cl-γ** would benefit a higher open-circuit voltage in solar devices.

To evidence the application of these small molecules as prospective acceptors in photovoltaics, devices with an inverted structure of ITO/ZnO/active layer/MoO~3~/Ag were used to investigate the performance of OSCs from the three small molecules in blends with polymer **PBDB-T2F** (structure is shown in [Scheme 1](#sch1){ref-type="fig"}). The current density-voltage (*J*-*V*) curves are shown in [Figure 5](#fig5){ref-type="fig"}A, and the extracted photovoltaic parameters of the three PSC devices are listed in [Table 1](#tbl1){ref-type="table"}. The optimal donor: acceptor weight ratio is 1:1, with a total concentration of 20 mg mL^−1^ in a chlorobenzene solution including 0.5% 1,8-diiodooctane as an additive. The **PBDB-T2F: ITIC-2Cl-*m***-based device shows an inferior PCE of 10.85% with a fill factor (FF) of 66.86%, which could be caused by the poor molecular packing of the mixed **ITIC-2Cl-*m***. The **PBDB-T2F: ITIC-2Cl-δ**-based device has a larger PCE of 11.51% with an open-circuit voltage (*V*~OC~) of 0.90 V, a short-circuit current density (*J*~SC~) of 18.34 mA cm^−2^, and an FF of 69.87%. However, the **PBDB-T2F: ITIC-2Cl-γ**-based device presents a higher *V*~OC~ of 0.93 V, *J*~SC~ of 18.94 mA cm^−2^, and improved FF of approximately 74.07%, leading to the highest PCE of 13.03%. The outstanding performance should benefit from the higher LUMO energy level, higher absorption coefficient, and 3D interpenetrating network structure of **ITIC-2Cl-γ**. These results indicate that the purity of the active materials and the position of the chlorine atom on the end group could lead to huge differences in device performance, such as over a 20.1% enhancement in PCE when going from the mixed **ITIC-2Cl-*m*** to the γ-substituted **ITIC-2Cl-γ**. To further analyze the *J*~SC~ effects in these devices, the external quantum efficiency (EQE) spectra of the **PBDB-T2F:** acceptor-based devices were acquired, and the curves are shown in [Figure 5](#fig5){ref-type="fig"}B. OSCs based on all three small molecules display a high photon response value of \>60% from 460 to 760 nm. The main difference between the three curves is located at 540--740 nm and is in accordance with the absorption spectra of their blend films ([Figure 4](#fig4){ref-type="fig"}C). **ITIC-2Cl-γ** has the highest absorption coefficient, and the expected highest photon response is observed in the range of 460--760 nm, resulting in the highest *J*~SC~ in the corresponding device. The calculated *J*~cal~ of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** devices based on the EQE curves are 17.52 mA cm^−2^, 17.26 mA cm^−2^, and 18.16 mA cm^−2^, respectively, and match well with the *J*~SC~ values from the above *J-V* test curves.Figure 5Device Performances Based on **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, and **ITIC-2Cl-γ**(A) J--V curves of devices using different NFAs.(B) EQE curves of the corresponding photovoltaic devices.(C) Photocurrent density (*J*~ph~) versus effective voltage (V~eff~) characteristics.(D) *J*~SC~ as a function of light intensity on a double-logarithmic scale for devices using different NFAs.Also see [Figures S11](#mmc1){ref-type="supplementary-material"} and [S14--S16](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.Table 1Photovoltaic Parameters of the Optimized OSCs of **ITIC-2Cl-δ**, **ITIC-2Cl-*m-****,* and **ITIC-2Cl-γ**-Based DevicesAcceptors*V*~OC~ (V)*J*~SC~ (mA·cm^−2^)FF (%)PCE~max~ (%)*μ*~h~ (cm^2^·V^−1^·s^−1^)*μ*~e~ (cm^2^·V^−1^·s^−1^)*μ*~h/~*μ*~e~**ITIC-2Cl-γ0.9318.94 (18.79 ± 0.18)74.07 (73.63 ± 0.47)13.03 (12.90 ± 0.16)4.5×10**^**−4**^**2.6×10**^**−4**^**1.7ITIC-2Cl-δ**0.9018.34 (18.06 ± 0.28)69.87 (69.32 ± 0.52)11.51 (11.25 ± 0.31)3.6×10^−4^1.2×10^−4^3.0**ITIC-2Cl-*m***0.9018.03 (17.85 ± 0.21)66.86 (66.25 ± 0.56)10.85 (10.61 ± 0.28)2.2×10^−4^9.5×10^−5^2.3

To understand the influence of the different positions of the chlorine atom on the end group on the exciton dissociation and carrier collection processes, the charge dissociation probabilities (P(*E*,*T*) = *J*~ph~/*J*~sat~) of the three small-molecule-based devices were determined, as shown in [Figure 5](#fig5){ref-type="fig"}C. The **PBDB-T2F: ITIC-2Cl-γ**-based device shows the highest value (98%) for the calculated charge dissociation probability (P(*E*,*T*)) under *J*~SC~ conditions compared with that of the **PBDB-T2F: ITIC-2Cl-δ**-based device (94%) and **PBDB-T2F: ITIC-2Cl-*m***-based device (92%). This result demonstrates the more efficient exciton dissociation at the interface between **ITIC-2Cl-γ** and **PBDB-T2F**, corresponding to the higher *J*~SC~ and FF of **ITIC-2Cl-γ**-based OSCs. [Figure 5](#fig5){ref-type="fig"}D shows the *J*~SC~ as a function of illumination intensity to further learn more about the process of carrier recombination, and the fitted slopes for **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ**-based devices are 0.96, 0.92 and 0.99, respectively. The highest value of 0.99 implies that the **PBDB-T2F**: **ITIC-2Cl-γ**-based device shows weak bimolecular recombination during operation. These results reveal that the different positions of the chlorine atom on the end group can influence exciton dissociation and bimolecular recombination; in particular, the lowest P(*E*,*T*) value (92%) and the lowest slope (0.92) of the **ITIC-2Cl-*m***-based device implies that avoiding acceptor mixtures is very important to obtain efficient exciton dissociation and reduced bimolecular recombination.

[Figure S11](#mmc1){ref-type="supplementary-material"} shows the blended thin-film morphologies that were investigated by transmission electron microscopy (TEM) and atomic force microscopy (AFM). All three acceptor-based devices show similar film morphologies from the AFM results and exhibit smooth and uniform surfaces with relatively small root-mean-square roughness values of 2.11, 1.92, and 1.97 nm. The TEM image shows that the three acceptor-based devices have suitable phase separation sizes, which may help impart good transport properties to improve device performance.

To characterize the charge transport properties of the three small-molecule-based devices, the space charge limited current (SCLC) method was used to calculate the electron and hole mobilities, and the corresponding curves are shown in [Figure 6](#fig6){ref-type="fig"}A and [Figure 6](#fig6){ref-type="fig"}B with the calculated mobilities listed in [Table 1](#tbl1){ref-type="table"}. The electron-only devices display electron mobilities of 1.2×10^−4^, 9.5×10^−5^, and 2.6×10^−4^ cm^2^ V^−1^ s^−1^ for **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, and **ITIC-2Cl-γ**, respectively, whereas the hole-only devices show hole mobilities 3.6×10^−4^, 2.2×10^−4^, and 4.5×10^−4^ cm^2^ V^−1^ s^−1^, respectively, corresponding to hole-electron mobility ratios of 3.0, 2.3, and 1.7, respectively. **ITIC-2Cl-*m*** shows the lowest electron and hole mobilities, indicating that the worse molecular packing is unable to transport carriers efficiently. However, the highest and more balanced electron and hole mobilities are observed for **ITIC-2Cl-γ**, as a result of the 3D interpenetrating network structure that is beneficial to rapid charge transfer.Figure 6Device Performances Based on **ITIC-2Cl-δ**, **ITIC-2Cl-*m***, and **ITIC-2Cl-γ**(A) Double logarithmic plots of the current density (*J*) versus voltage (*V*) curves for the hole-only devices.(B) Electron-only **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ**-based devices.(C) Normalized transient photovoltage (TPV) of devices.(D) Transient photocurrent of OSC devices.Also see [Table S1](#mmc1){ref-type="supplementary-material"}.

To further understand the dynamic behavior in devices, the transient photovoltage and transient photocurrent of three acceptor-based OSC devices were measured; the curves are shown in [Figures 6](#fig6){ref-type="fig"}C and 6D, and the extracted values of the carrier lifetime (τ) and the determined sweeping out times (*t*~s~) are shown in [Table S1](#mmc1){ref-type="supplementary-material"}. The τ of **ITIC-2Cl-δ-**, **ITIC-2Cl-*m-,*** and **ITIC-2Cl-γ**-based OSCs devices were 0.83, 0.74, and 1.12 μs, and the *t*~s~ of three devices were 0.31, 0.35, and 0.29 μs, respectively. The longest carrier lifetime and the lowest *t*~s~ value of **ITIC-2Cl-γ**-based OSCs corresponded to the most effective charge transport and collection in the device, whereas **ITIC-2Cl-*m***-based device shows the lowest τ/*t*~s~ value of 2.11. It indicated that the presence of the mixture may increase the probability of bimolecular recombination and reduce carrier lifetime to further decrease the *J*~SC~ and FF of the devices, whereas the highest τ/*t*~s~ value of 3.86 was observed in **ITIC-2Cl-γ**-based OSC devices, which may benefit from the 3D rectangle-like interpenetrating network structure of **ITIC-2Cl-γ** and in agreement with the highest *J*~SC~ and FF results.

Considering the commercial application of OSCs, the stability of materials has become an essential parameter. Therefore, we compared the stabilities of the **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ**-based devices, as shown in [Figure 7](#fig7){ref-type="fig"}. The *V*~OC~ of the three acceptor-based devices have almost no change during the course of the lifetime test. The main differences between the three acceptor-based devices lie with *J*~SC~ and FF. [Figure 7](#fig7){ref-type="fig"}A shows that the *J*~SC~ of the **ITIC-2Cl-δ**-based device drops by 8.0% and that of the **ITIC-2Cl-*m***-based device drops by 13.5% over 56 days, whereas the **ITIC-2Cl-γ**-based device shows only a 5.3% *J*~SC~ decline. On the other hand, the FF of the **ITIC-2Cl-γ**-based device is highly stable over 70% with almost no change, whereas the **ITIC-2Cl-δ** and **ITIC-2Cl-*m***-based devices show a significant decline in FF. The **ITIC-2Cl-γ**-based device shows the most stable *J*~SC~ and FF, corresponding to the stable 3D rectangle-like interpenetrating network structure, whereas the **ITIC-2Cl-*m***-based device shows the worst stability, which might be caused by the impure phase separation of the mixture. These results indicate that the use of the mixture as the active layer would reduce the stability of the device; the different molecular configurations would affect the stability of the device, whereas the 3D rectangle-like interpenetrating network structure could be used to prepare highly stable OSC devices to further meet the commercial needs of OSCs. We also characterized the photo-stability under illumination and heating at 80°C in N~2~ atmosphere for 200 h, which are shown in [Figures S12](#mmc1){ref-type="supplementary-material"} and [S13](#mmc1){ref-type="supplementary-material"}, respectively. The results match well with the stabilities of unencapsulated devices stored in a glove box, which we discussed above.Figure 7The Stabilities of Unencapsulated Devices Stored in a Glove Box(A) The relationship between open-circuit voltage (*V*~OC~) and time.(B) The relationship between short-circuit current density (*J*~SC~) and time.(C) The relationship between fill factor (FF) and time.(D) The relationship between power conversion efficiencies (PCEs) and time.Also see [Figures S12](#mmc1){ref-type="supplementary-material"} and [S13](#mmc1){ref-type="supplementary-material"}.

We have tried other donor materials to prove that the law of PCE is universal. We chose another polymer **PBDB-T2Cl** as donor pairing with the three acceptors **ITIC-2Cl-γ**, **ITIC-2Cl-δ,** and **ITIC-2Cl-*m***. The *J--V* curves of devices using different NFAs with **PBDB-T2Cl** and EQE curves of the corresponding photovoltaic devices are shown in [Figure S14](#mmc1){ref-type="supplementary-material"}. The corresponding photovoltaic parameters are shown in [Table S2](#mmc1){ref-type="supplementary-material"}. The **PBDB-T2Cl**: **ITIC-2Cl-γ**-based device presents the highest *V*~OC~ of 0.92 V, *J*~SC~ of 18.79 mA cm^−2^, and FF of 65.10%, leading to the highest PCE of 11.25%, and the **PBDB-T2Cl**: **ITIC-2Cl-δ**-based device presents a *V*~OC~ of 0.90 V, *J*~SC~ of 17.93 mA cm^−2^, and FF of 62.29%, leading to an inferior PCE of 10.02%, However, the lowest PCE of 9.41% with a *V*~OC~ of 0.90 V, *J*~SC~ of 17.44 mA cm^−2^, and FF of 59.85% was observed in the **PBDB-T2Cl**: **ITIC-2Cl-*m***-based device. The law is consistent with the previous devices based on **PBDB-T2F** with different NFAs. In addition, The calculated *J*~cal~ of **ITIC-2Cl-δ**, **ITIC-2Cl-*m,*** and **ITIC-2Cl-γ** devices based on the EQE curves are 17.15 mA cm^−2^, 16.70 mA cm^−2^, and 17.88 mA cm^−2^, respectively, which matches well with the *J*~SC~ values from the above *J-V* test curves based on **PBDB-T2Cl**: NFAs devices.

The grazing-incidence wide angle X-ray scattering (GIWAXS) was measured to characterize the orientation and stacking of molecules in the blend films ([Figure S15](#mmc1){ref-type="supplementary-material"}). As shown in [Figures S15](#mmc1){ref-type="supplementary-material"}A--S15C, the molecules all present the face-on stacking pattern in the blend films. The intensity of **ITIC-2Cl-γ**-blend film is the highest, as shown in [Figure S15](#mmc1){ref-type="supplementary-material"}E, the peak at 1.77A^−1^ corresponding to the π-π stacking of 3.55 Å, whereas the peak at 1.74 A^−1^ of **ITIC-2Cl-δ**-blend film shows the π-π stacking of 3.61 Å. The shorter π-π stacking the **ITIC-2Cl-γ** blend film is consistent with single crystal data, which may prove the correlation between the structure in single crystal and the blend films from sideways.

The charge transport properties of three NFAs were evaluated by fabricating top-gate/bottom-contact organic thin-film transistors (OTFTs). The device performance parameters of the top-gate OTFTs fabricated under optimal conditions are summarized in [Table S3](#mmc1){ref-type="supplementary-material"}, and the corresponding representative I−V curves are plotted in [Figure S16](#mmc1){ref-type="supplementary-material"}. In detail, **ITIC-2Cl-γ** OTFTs show an average electron mobility (*μ*~e~) of 0.091 cm^2^ V^−1^ s^−1^ and an average hole mobility (*μ*~h~) of 0.010 cm^2^ V^−1^ s^−1^, which was higher than the average electron mobility (*μ*~e~) of 0.041 cm^2^ V^−1^ s^−1^ and the average hole mobility (*μ*~h~) of 0.0038 cm^2^ V^−1^ s^−1^ to **ITIC-2Cl-δ** OTFTs. The results match well with the electron and hole mobilities measured by the SCLC method in [Figure 6](#fig6){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}, which could prove the correlation between the packing mode in single crystal and the blend films indirectly. In addition, the higher electron mobility of three NFA OTFTs than hole mobility indicated the three molecules are N-type materials, corresponding to the properties of electron acceptors ([@bib25], [@bib26], [@bib27], [@bib28], [@bib14], [@bib15]).

Conclusion {#sec2.1}
----------

Two isomer-free NFAs **ITIC-2Cl-δ** and **ITIC-2Cl-γ** were successfully synthesized by precise chlorine atom positioning at the IC end groups. The single-crystal structures of **ITIC-2Cl-δ** and **ITIC-2Cl-γ** indicate that the different positions of the chlorine atoms significantly influence the molecular orientation and packing. Compared with **ITIC-2Cl-δ**, **ITIC-2Cl-γ** shows a better molecular planarity and a closer π-π interaction distance. The latter exhibits a 3D interpenetrating network structure, whereas only a linear stacked structure is observed for **ITIC-2Cl-δ**. The different positions of the chlorine atom on the end group can affect not only the absorption spectra but also the energy levels. After blending with the donor polymer **PBDB-T2F**, the **ITIC-2Cl-γ**-based device shows the highest PCE of 13.03%, which benefits from a higher *J*~SC~ (18.94 mA cm^−2^) and FF (74.07%), whereas the lowest PCE (10.85%) is obtained by the **ITIC-2Cl-*m***-based device. In addition, the most stable performance is observed by the **ITIC-2Cl-γ-**based device, which will be conducive to the commercial application of OSCs. These results demonstrate that the position of the chlorine atom on the end group has a great impact on the performance of the acceptor-based device. The 3D interpenetrating charge carrier transport or more ideal isotropic transmission properties in fullerene acceptors may be a strategy to design high-performance NFAs to further improve PCE and device stability for commercial application of OSCs.

Limitations of the Study {#sec2.2}
------------------------

In this study, the single-crystal structures of two NFAs were investigated to analyze the effect of different chlorine atom positions on device performance. However, owing to the limitation of experimental condition, the stacked structure of these molecules in the blend film could not be observed.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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